In humans, infection with the coronavirus, especially the severe acute respiratory syndrome coronavirus (SARS-CoV) and the emerging Middle East respiratory syndrome coronavirus (MERS-CoV), induces acute respiratory failure, resulting in high mortality. Irregular coronavirus related epidemics indicate that the evolutionary origins of these two pathogens need to be identified urgently and there are still questions related to suitable laboratory animal models. Thus, in this review we aim to highlight key discoveries concerning the animal origin of the virus and summarize and compare current animal models.
| INTRODUCTION
Severe acute respiratory syndrome, an infectious disease, arose in November 2002 in the Guangdong Province of China and spread to 28 regions, causing 778 deaths among 8076 infected individuals within just 1 year. Soon after, the causative agent, named severe acute respiratory syndrome-associated coronavirus (SARS-CoV), was identified as a novel coronavirus.
In the aftermath of the SARS outbreak, its high morbidity and mortality made the identification of natural reservoirs and an appropriate animal model necessary in order to ascertain the interspecies transmission chain, to develop procedures for protecting public health, to promote research on the SARS-CoV mechanism, and to establish animal models for use in developing antivirals and vaccines.
Although the SARS outbreak occurred over 10 years ago, another member of the Coronaviridae family of viruses has since caused illness in the Middle East. This illness has been named Middle East respiratory syndrome and the pathogen (MERS-CoV) has been shown to be a type of coronavirus that is highly related to SARSCoV. Infection with MERS-CoV results in higher mortality and new symptoms such as renal failure. Thus, failure to fully resolve the initial SARS pathogen has been followed by a more virulent infection with a related virus, MERS-CoV. Therefore, we need urgently to identify the origins of the viruses and find ways to deal with them.
To make a useful comparison, this review will investigate the
----------------------------------------------------------------------------------------------------------------------------------------------------------------------
reservoirs of infection and provide an overview of the animal models for both viruses. shoe bats have great potential to be one of the natural reservoirs. 2, 3 Given that, the same research suggested that, even though there are no available migration patterns, it is known that bats can migrate approximately 30 miles for hibernation, and the distance between their wild habitats and markets in Shenzheng and Hong Kong is only 17 miles, which means that geographically widespread infections of SARS-like CoV can be explained by transmission via bats.
Recently, a five year study provided futher evidence that bats in the Yunnan province of China are more likely to be the prime reservoir than those detected elsewhere. The study compared the nonstructural protein genes ORF1a and 1b of the virus and concluded that SARSr-CoV strains from a cave in Yunnan village were more closely related to human SARS-CoV and cell entry studies demonstrated that three newly identified SARSr-CoVs with different S protein sequences are all able to use human ACE2 as the receptor. 4 Just as horseshoe bats were postulated to be the primary SARS host, van Boheeman et al. 5 indicated that two kinds of bats carry similar MERS coronaviruses. Then, Susanna K. P. Lau et al. 6 used sequences of RNA polymerase (RdRp), spike (S), and nucleocapsid (N) genes to determine that human MERS-CoV RdRp is more closely related to the pipistrelle bat CoV HKU5 (92.1%-92.3% amino acid identity) and the S and N genes are more closely related to the Based on these data, it is likely that civets may be only a "bypass" reservoir that adapted transiently before the epidemic. Whatever the truth is, we can at least be sure that the civet cat is one of the intermediate hosts. Additionally, an investigation in Saudi Arabia revealed that younger camels are prone to infection by MERS-CoV. 18 With regard to the transmission route, there are three possible ways for the virus to be conveyed to humans from camels: organs, flesh, and discharges such as feces and camel milk.
| Dromedary camel
MERS-CoV RNA was found in a camel lymph node in Qatar. 19 This finding indicates that MERS-CoV may be maintained in camel organs or muscles. If that speculation proves true, the convention in the Middle East of cooking and trading camel meat and organs might be the interspecies transmission route. MERS-CoV can also survive longer in camel milk than in other ruminant milk. In addition to the above two routes, MERS-CoV RNA can be detected in 59% of nasal discharge and 15% of feces in camels. Thus, there is supportive evidence for the three postulated transmission routes, but further verification is needed to confirm them. It should also be noted that MERS is a type of infectious respiratory disease, and therefore, in addition to the above three possible transmission routes, infection via aerosols produced by camels should be considered.
| Alpaca
Research in Qatar in 2015 showed that MERS-CoV was found in alpacas centrally housed with camels. 20 Meanwhile, Eckerle et al 15 demonstrated that 14 residues in the alignment of mammalian DPP4
(dipeptidyl peptidase-4) interact with the MERS-CoV receptor binding domain of alpaca DPP4, which is identical to that of DPP4 in dromedary camels, providing proof of the transmission potential of alpacas.
Although MERS-CoV has so far not been found in camelids other than dromedaries outside of the Arabian Peninsula, the increasing export of alpacas increases the risk of an outbreak, since they have the potential to be the interspecies host.
While it is not clear that alpacas have the same function as the camels in the 2012 outbreak, their ability to spread the virus exists.
Currently it is very popular to trade and keep ornamental alpacas, so strict quarantine is necessary.
| Livestock
Reusken et al 19 infected swine and chickens with SARS-CoV and determined that they are not susceptible to becoming hosts. In contrast, dromedary camels have been found to be capable of SARSCoV infection. A similar capability to transmit MERS-CoV makes camels a focal link in the coronavirus transmission chain.
As for other MERS-CoV domestic reservoirs, between 2010 and 2013, some investigators tested serum samples from sheep, goat, cattle and chickens, which pervade Saudi Arabia and Europe. 16, 21 All the samples were negative for MERS-CoV antibodies. Meyer B et al tested 192 horses from the UAE and 697 horses from Spain, as well as mules and monkeys, all of which turned out to be negative. Later, an investigation in Saudi Arabia and another in Sudan both reached the same conclusion. 17, 22 However, these results are of limited value since they come from nationwide general surveys rather than investigations focusing on places with prevalent MERS infections. The livestock tested in these studies may not have been in close contact with primary hosts, and thus the results do not provide sufficient evidence to disprove their potential for being hosts.
On the other hand, another study 22 that found MERS-CoV RNA, but no neutralizing antibodies, in 6 lambs. To some extent, in the context of methodical investigations, sheep could be another virus carrier in addition to camels. Thus, it would be prudent to conduct field research and take necessary precautionary measures to preclude the possibility of transmission of coronaviruses from sheep.
| Birds
Coronaviruses can be found in many kinds of birds. 23 Within Hong
Kong alone, CoV-HKU11 has been found in nightingales, CoV-HKU12 in thrushes, CoV-HKU13 in munias, CoV-HKU16 in whiteeyes, CoV-HKU17 in sparrows, and CoV-HKU18 in magpies. Fortunately, avian coronaviruses are not that closely related to SARS-CoV.
Additionally, these are not migratory birds and therefore do not expand the range of the pathogen. Moreover, unlike bats, these birds were accessible enough to sterilize. However, in light of the findings above, randomly hunting them for food or for pets is unwise.
| LABORATORY ANIMAL MODE LS

| Primate models
Compared to other symptom-limited models, non-human primary models are better-established models that have close psychological and physical similarities with humans 24 (Table 1) .
| Rhesus macaque
Currently, the most widely accepted MERS laboratory animal model is the rhesus macaque (Macaca mulatta). MERS-CoV infection can lead to a pneumonia-like syndrome within 24 hours of challenge in the rhesus macaque, but it is not as severe as in humans. 24 In some studies on MERS infection in rhesus macaques, 24 
| Common marmoset
Another suitable and well-established model is the common marmoset (Saguinus mystax), which can show more severe clinical signs than rhesus macaques when infected with MERS-CoV. [30] [31] [32] When administered through a combination of intraoral, intranasal and intravascular inoculation, with doses ranging from 5 9 10 6 TCID 50 to 5 9 10 7 PFU, mild to moderate respiratory disease was observed, and interstitial pneumonia was observed clinically and microscopically.
When infected with SARS-CoV, common marmosets exhibit fever, diarrhea, multifocal pneumonitis and hepatis. 33 Research using this model is progressing. The common marmoset is a potential nonhuman primate model for SARS-CoV infection and deserves more attention.
| Other prime models for SARS-CoV
To date, MERS-CoV only has two mature models. This section will deal with additional non-human prime models for SARS-CoV. Rhe- In the case of cynomolgus monkeys, clinical evidence, such as lethargy, temporary skin rash or respiratory distress, has not been reported. However, 4 to 6 days post-inoculation (dpi), there was diffuse alveolar damage and extensive loss of epithelium from alveolar and bronchiolar walls. 28, 34 Regarding African green monkeys, clearance of the virus takes approximately 4 dpi, and the infection niduses are patchy. Respiratory secretions cannot accurately reflect the viral titers. However, there is a report that showed that the titer is higher and the residence time is longer in African green monkeys than in two other kinds of old world monkeys (cynomolgus and rhesus). In contrast, young BALB/c mice aged 4-6 months and 12-to 14-month-old BALB/c mice displayed clinical syndromes such as weight loss, dehydration, and ruffled fur at 3-6 dpi, along with interstitial pneumonia, 36 demonstrating the vital importance of age in rodent infection.
Another way to conduct similar experiments is to encapsulate SARS-CoV protein in a shell of mouse hepatitis virus (MHV). The encapsulation of SARS-CoV means there is no need for BSL-3 precautions, but the chimera virus is not identical with SARS-CoV, so some application limitations still exist.
SARS-CoV can infect many small animals such as rodents. 37 However, MERS-CoV cannot achieve infection because the receptor binding domain of the viral spike protein (DPP4) has glycosylation sites that block viral recognition. Thus, except for some mice such as transgenic and immunodeficient mice, there is a lack of natural small animal models for MERS-CoV that are easy to operate and house.
| Golden Syrian hamster
A. Roberts et al 38 nasally inoculated golden hamsters with SARSCoV, reaching the viral replication peak at 2 or 3 dpi and viral shedding by 10 dpi. There was histochemical evidence of pneumonia but no clear clinical symptoms. In addition, recovered hamsters produced high levels of neutralizing antibodies to resist subsequent infection. 39 Unlike mice, the hamsters developed temporary viremia and viral replication in the liver and spleen.
However, no inflammation was observed in those organs. This experiment proved that hamsters develop a more severe syndrome than mice.
| Ferret and domestic cats
Martine BE et al 40 determined that ferrets and domestic cats can be infected with SARS-CoV by housing them together after one of them was inoculated. Both species exhibited viral replication and specific antibodies. Ferrets died at 16 to 21 dpi after demonstrating drowsiness and epiphysitis. Histochemical assays revealed dyslipidemia in ferret livers.
It is important to note that ferrets are outbred and can be infected by many pathogens. Therefore, it is vital to make sure there are no other pathogens in the ferrets before use. 41 Based on current research, ferrets cannot be infected by MERSCoV 42 and thus are unsuitable for establishing an aerosol transmission viral model.
| Alpaca
Three alpacas were experimentally intranasally inoculated with MERS-CoV. 43 All of them shed viruses and antibodies were found in their serum. Additionally, infected alpacas spread the virus to two other healthy alpacas housed in the same space, indicating the alpacas' own natural transmission capability and their potential as natural hosts. The authors also noted that MERS-CoV may be able to infect alpaca kidney cells. 44 As with camels, alpacas never showed symptoms such as fever.
However, unlike camels, alpacas did not demonstrate observable nasal secretion.
| New Zealand white rabbit
Hagamans BL et al 44, 45 Regarding susceptibility to infection, goats are more susceptible than sheep.
| Horse
Though the MERS-CoV neutralizing antibody has not been found in horses, three of the four experimentally infected horses had detectable viral replication in their nasal secretions starting at 3 dpi. Determining the evolutionary pathway leading to the ability to transfer between species may be helpful in predicting the next epidemic outbreak. Regarding models for MERS-CoV, camels do not develop the same clinical signs as humans, although they are natural hosts. In addition, they require too much space to house and thus are not the first choice for a laboratory model. Rabbits can be infected by MERS-CoV, but the histology is unstable, which would limit routine observation of disease. Compared to those animal models, other than DPP4 transgenic mice, rhesus macaques and marmosets are currently the best MERS animal models. Since their immune system is like that of humans in terms of physiology and anatomy, they can be used to study the pathogenesis mechanism and the efficacy of vaccines and antivirals. However, research using rhesus macaques requires BSL-3 laboratories and high investments. Moreover, they are smart, fast, and strong, which means precautions must be taken against them escaping. Therefore, the need for more user-friendly models still exists, but to date non-human primate models are still the best option.
| Captive civet cat
| Laboratory animal models
However, there is still a possibility of establishing new models.
Chi Wai Yip et al 47 phylogenetically analyzed the DPP4 receptor in various species and determined that humans, rhesus macaques, horses and rabbits belong to one family. Cattle and swine are not in the same group, but their receptor is close to the human DPP4
receptor. Small animals (including ferrets and mice) have DPP4
receptors far more distantly related to that of humans. This analysis could provide a reference point for potential animal models.
In summary, non-human primate models are still the best choice of model. Comparatively speaking, there is a greater variety of SARS-CoV animal models than MERS-CoV animal models. Regarding priorities for research on vaccines and antivirals for both coronaviruses, suitable MERS-CoV models should be considered first.
